Repeat proteins are the second most abundant protein classes functioning in protein-protein binding after immunoglobulins (1, 2) . They widely exist across most forms of life and are involved in numerous physiological processes such as cytoskeleton integrity, cell cycle control, transcriptional regulation, cell signaling, development and differentiation, apoptosis, cellular scaffolding, vesicular trafficking, inflammatory response, plant defense, and bacterial invasion (2, 3) . These nonglobular or modular proteins are composed of relatively short, tandem repeating motifs (of ∼20-40 amino acid residues), which exhibit a well-defined topology when present in a repeat domain but are usually unfolded on their own (3) . Various numbers of such repeating motifs are packed together either themselves or in conjunction with other domains to form the underlying architecture of an extended, modular interface exposed to proteins for binding (2, 4) . To date, more than 20 classes of repeat proteins have been identified in the expanding protein sequence data bank, among which the most abundant are leucine-rich repeat (LRR) 1 proteins, ankyrin repeat (AR) proteins, armadillo/ HEAT repeat proteins, and tetratricopeptide repeat proteins (1) (2) (3) . While repeat proteins have been understudied in comparison with globular proteins, great effort has been made recently to investigate the unique biochemical and biophysical properties of different repeat proteins. This work reviews recent chemistry-biology interdisciplinary studies on one type of repeat proteins, the ankyrin repeat proteins, and the potential of generating AR proteins with novel binding abilities through approaches of consensus design and combinatorial library.
Ankyrin repeat, a motif of 33 amino acid residues (5), was first identified in the sequence of yeast Swi6p, Cdc10p, and Drosophila melanogaster Notch in 1987 (6) and later named after the cytoskeletal protein ankyrin due to the fact that it consists of 24 copies of such a sequence (7) . The increasing availability of protein sequence data then led to the discovery of ankyrin repeats in a myriad of proteins with diverse functions (5) . A recent sequence homology analysis study has demonstrated that there are 19 276 AR sequences in 3608 proteins identified from the nonredundant SMART protein database (8) . These proteins include transcriptional regulators, cytoskeletal organizers, positive/negative modulators functioning in cell cycle progression, cell development, and differentiation, and toxins (5, 9) . A majority of such proteins are eukaryotic proteins present in both intracellular † Research work on ankyrin repeat proteins in the authors' laboratory was supported by a grant from the National Institutes of Health (CA69472) to M. 1 Abbreviations: AFM, atomic-force microscopy; AR, ankyrin repeat; CD, circular dichroism; CDK, cyclin-dependent kinase; CSL, CBF-1/RBP-jk, Su(H), Lag-1, named for the mammalian, D. melanogater, and C. elegans orthologous proteins, respectively, a DNA binding transcription factor required for both repression and activation of Notch target genes; HDM2, MDM2 human homologue; Ink4, inhibitors of cyclin-dependent kinase 4; LRR, leucine-rich repeat; MAGE-A4, melanoma antigen A4; MBP, maltose binding protein; NMR, nuclear magnetic resonance spectroscopy; p15, p16, p18, and p19, CDK4 inhibitors p15 INK4B , p16
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, respectively; Rb, retinoblastoma susceptible gene product; UV, ultraviolet light. and extracellular milieu (5, 9) . It has been suggested that AR proteins are important in modulating diverse cellular pathways necessary for the evolution of a more complicated multicellular organism (10) . In spite of the great variety of aforementioned functions, no enzymatic activity has been detected to date for any AR protein or AR domain in proteins containing both AR and non-AR domains (5, 8) . The AR motifs function in different pathways exclusively through mediating specific protein-protein interactions. Moreover, genetic alterations, including deletion, methylation, and point mutations, have been identified in genes encoding several AR proteins, such as tumor suppressors p16 and p18 in a variety of human tumors, indicating that dysfunction of AR proteins has a bearing on human diseases (11) .
Structure
Ankyrin repeat is a relatively conserved motif which implies that in spite of a strong degeneracy of the repeating sequences, there is a consistent pattern of key residues to keep the structural integrity of an AR motif (3) (Figure 1a) . Each AR motif exhibits a canonical helix-turn-helix conformation, in which two R-helices are arranged in an antiparallel fashion and the loop projects outward at an approximately 90°angle to facilitate the formation of hairpinlike -sheets with neighboring loops (12, 13) . Usually, a hairpinlike -sheet structure consists of the last three residues of the preceding AR and the first four residues of the next AR. Overall, the topology of an AR motif resembles the letter L with the helices as the vertical arm and the Nand C-terminal stretches as the base (3, 5) (Figure 1b) . To retain this characteristic topology, some residues are wellconserved in most AR sequences while residues at other positions vary. Figure 1a shows two AR consensus sequences derived from statistical analyses of AR sequences by Mosavi et al. (14) and Kohl et al. (15) . Specifically, the Thr-ProLeu-His tetrapeptide motif at positions 6-9 is highly prevalent in AR sequences (5, 8, 16) . It forms a tight turn and initiates the first R-helix of an AR motif. Moreover, hydrogen bonding between the hydroxyl group of Thr and the imidazole ring of His contributes to the stability of AR motif and global AR proteins (16) (Figure 1c) . The Val/IleVal-Xxx (hydrophilic)-Leu/Val-Leu-Leu motif (positions [17] [18] [19] [20] [21] [22] is the central piece of the second R-helix of an AR motif, and it functions to form intra-and inter-AR hydrophobic networks to stabilize the global sketch of an AR protein (5, 8) . In addition, glycine residues are conserved at positions 13 and 25, which terminate the helices and provide the freedom for a loop to link both helices (5) . The key roles of these conserved residues have been further confirmed by the fact that mutations at these conserved residues in p16 and p18 have been identified in human tumor specimens, and these mutations have led to perturbation in the stability and solubility of p16 and p18 proteins (12, 17, 18) .
To form a stable AR protein or AR domain capable of binding to specific targets, various numbers of AR scaffolds stack together to form a helix bundle in such a manner that the repetitive scaffolds are arrayed almost linearly with a 2-3°counterclockwise rotation between neighboring repeats (8, 19) . The loop regions of neighboring ARs are connected in a tail-to-head order to form hairpinlike -sheet structures ( Figure 2 ). While such hairpinlike structures are relatively flexible in conformation (13) , the extended helix bundle is stabilized mainly through inter-and intrarepeat hydrophobic interactions predominantly associated with conserved non- polar residues in the helical regions (Figure 3a) , as well as hydrogen bonding interactions between polar residues and the main chain atoms from neighboring repeats (18) (Figure  3b ). Since the helices on the far side of the loop generally have larger hydrophobic side chains and are slightly longer than the helices on the near side, the molecule of an AR protein is in a concave shape.
While the architectures of AR proteins are similar in topology, the tertiary structure of each AR protein is finely adapted to the following factors.
(1) Presence of Non-AR Domains in a Protein. Some proteins contain both AR and non-AR domains, and these non-AR domains often affect the orientation of AR domains in the global structure. For example, in addition to the domain consisting of three and one-half AR motifs, the yeast ribosomal binding protein Yar-1 has a calmodulin-binding domain at the C-terminus of the AR domain (20) .
(2) Number of AR Motifs in a Protein. While proteins with up to 29 AR motifs have been identified (21) , the majority of AR proteins contain four to seven AR motifs (22) , and no single AR has yet been reported to form a stable folded unit itself (14, 23) . In general, proteins containing more AR repeats have more compact and concave structures ( Figure  2 ). Each AR motif causes a 2-3°counterclockwise rotation relative to the preceding AR motif as well as approximately 13°of pitch to the superhelical turn of the protein molecule (8, 19) . A protein of 32 AR motifs will form a complete superhelical turn with a predicted radius of 35 Å (24).
(3) Intrinsic Differences among AR Motifs. On one hand, the "capping" AR motifs, i.e., AR motifs at the N-and C-termini of an AR protein, are different from inner AR motifs. The capping AR motifs are more solvent-accessible, and they shield the hydrophobic core of AR proteins from the solvent (2, 25) . On the other hand, some AR motifs deviate considerably from the typical helix-turn-helix modules. For example, the first helix of the second AR motif of INK4 proteins is atypically short (approximately four to seven residues), but the helix-turn-helix-hairpin topology remains unchanged (Figure 2a,b) (13, 18) . Moreover, while GA-binding protein (GABP-) exhibits a global conformation as a typical AR protein with repeating helix-turnhelix-hairpin units, the "fifth" AR motif at its C-terminus is incomplete and regarded as half of an AR motif (26) (Figure 2e ).
(4) Variance of Loops. The loops linking neighboring AR motifs are considerably flexible in size and conformation. Typically, loops assemble to form a continuous -sheet between neighboring AR motifs. Nevertheless, some AR proteins have very long loops, and these loops exhibit more complicated conformations than plain -sheets. For example, the loop between the third and fourth AR motifs of yeast Swi6 protein contains ∼40 amino acid residues (Figure 2f ), and it brings about an expanded second helix of the third AR motif, a short section of -sheet, an unfolded loop, and two additional short helices (27) . Similarly, a short insertion between the third and fourth AR motifs of IκBR forms an 
Folding and Stability
Due to its modular nature, the structures of AR proteins are predominantly stabilized by local and short-range intramolecular interactions, rather than interactions between distant residues as frequently found in globular proteins (3, 8) . Additionally, no AR protein or an AR repeat domain has been found to contain a disulfide bond, a structural element that could stabilize a protein but may not always be advantageous (31) . Hence, one might think that AR proteins differ from globular proteins in folding and stability and each AR in a protein could unfold and refold individually. However, folding studies on INK4 proteins (12, 17, 23, 32, 33) , Notch AR domain (34, 35) , myotrophin (22) , and some engineered AR proteins (14, 15, 36, 37) have demonstrated that AR proteins exhibit an equilibrium two-state transition between native and unfolded proteins by spectroscopic and calorimetric criteria, similar to most globular proteins. Furthermore, no partially folded intermediates have been found in these equilibrium folding-unfolding reactions, except that a NMR study of p19 in the presence of moderate concentrations of urea revealed the possible existence of an equilibrium intermediate with poor chemical shift dispersions, suggesting that it is largely unfolded (32) . Taken together, these findings indicate that like globular proteins, the equilibrium folding and unfolding of AR proteins is highly cooperative (17, 22, 38) .
While the two-state model has been well accepted in equilibrium folding-unfolding studies, significant effort has been devoted to identification of possible kinetic folding intermediates. Tang et al. (39) used a Φ value analysis to investigate the kinetic folding of p16 wild-type and mutant proteins and found that Φ values on the two ARs at the C-terminus are close to 1 and generally larger than those on the two ARs at the N-terminus, suggesting that p16 was unfolded sequentially. In the transition state for kinetic folding and unfolding, the two C-terminal ARs were fully folded while the other two ARs at the N-terminus were mainly unstructured. This conclusion was further reinforced by a study using truncated p16 proteins, which demonstrated that the two ARs at the C-terminus can form a relatively stable, autonomously folded structure while the two ARs at the N-terminus were unstructured (23) . These findings suggest that the ARs at the C-terminus fold first, forming a "core" structure to facilitate the folding of the ARs at the N-terminus. Similarly, a kinetic on-pathway intermediate has been detected in the unfolding and refolding of the AR domain (seven ARs) of Notch, a D. melanogaster receptor which plays a role in cell signaling (40) (41) (42) . This kinetic intermediate appears to have native like Trp fluorescence properties, but it is midway between the denatured and native ensembles in denaturant sensitivity and folding free energy (41) . The refolding of Notch AR domain fits well to a sequential three-state model, in which the formation of the intermediate is the rate-limiting step followed by a fast conversion to the native ensemble (41) . Furthermore, ARs 3, 4, and 5 of Notch are structured in this intermediate, while ARs 2, 6, and 7 remain largely unstructured, which become structured in the subsequent conversion to the native ensemble (42) . As for AR 1 of Notch, it is not well structured until it binds to its targets (32, 43, 44) . Taken together, these studies suggested that couplings between neighboring ARs contribute to the folding cooperativity of AR proteins.
Thermodynamic and kinetic studies on the AR domain of Notch protein have also provided evidence of the likely presence of long-range coupling among ARs (38) . Barrick et al. designed a series of truncated Notch AR proteins by removing one or two ARs from the C-terminus and analyzed their conformational stabilities through urea-induced denaturation (34, 38, 45) . While all three proteins, Nank1-7*, Nank1-6*, and Nank1-5* (wild type, last AR truncated from the C-terminus, and last two ARs truncated, respectively), fold in a typical two-state manner, the reported values of ∆G d water were 8.03, 4.14, and 3.55 kcal/mol, respectively, suggesting that Nank1-7* is thermodynamically much more stable than Nank1-6* and Nank1-5* and that the seventh AR of Notch AR protein contributes more to the stability of the entire Notch AR domain than the sixth AR. Moreover, inclusion of the seventh AR shifts the unfolding transition to a higher denaturant concentration and temperature (in comparison with Nank1-6* and Nank1-5*), and the transition itself is sharpened, suggesting that the entire Notch AR domain might be stabilized by the seventh AR at the C-terminus through long-range cooperative interactions (34) . In an earlier study, we have also shown that p18 is substantially more stable than p16 (with ∆G d water values of 1.94 and 2.98 kcal/mol, respectively), and the difference can be attributed to stabilization of the fourth AR by the additional AR in p18 (33), on the basis of guanidinium hydrochloride-induced denaturation, deuterium exchange, and NMR dynamics studies.
In a recent study, Barrick and his colleagues reported that insertions of consensus ARs (see Consensus Design and Combinatorial Library of ARs) between AR 5 and AR 6 of the Notch AR domain did not dramatically change the secondary and tertiary structures of the entire AR domain as monitored by far-and near-UV CD spectroscopy (46) but improved the conformational stability in urea-induced denaturation studies. However, unfolding of these variants follows a three-state transition process, and the C-terminal ARs after the consensus ARs, i.e., AR 6 and AR 7, unfold at moderate urea concentrations, indicating that the insertion of consensus ARs disrupts the folding cooperativity of the Notch AR domain. Moreover, after removal of AR 6 and AR 7, variants containing Notch ARs 1-5 and consensus ARs show equilibrium two-state unfolding transitions, and the thermodynamic stability of these hybrid proteins is higher than that of parental Notch AR domain, implying that the high stability of the consensus ARs has been propagated into the N-terminal Notch ARs (46) . Hence, while each AR motif possesses some degree of intrinsic stability and contributes to the global stability of an AR protein, long-range cooperation may exist and affect the entire molecule.
Interestingly, a recent atomic force microscopy (AFM) study on a designed protein consisting of an N-terminal cap, six identical consensus-designed ARs, and a C-terminal cap showed that this AR protein unfolds in a stepwise, repeatby-repeat fashion under a mechanical force (47) . Stretching the AR protein with an AFM tip led to a uniform sawtooth pattern in the force-extension curve with as many as six peaks evenly separated by ∼10 nm, and the average unfolding force for each peak is 50 ( 20 pN. Evidently, this stepwise unfolding of AR proteins by mechanical force is different from the cooperative unfolding caused by temperature and chemicals such as urea. A possible explanation could be that temperature and chemicals affect the entire protein surface while the application of a stretching force in single-molecule AFM unravels a protein along a specific direction (48) . Since some AR proteins, such as ankyrin, are involved in skeleton organization and under certain physiological conditions mechanical force may act as a denaturant, mechanical forceinduced unfolding of AR proteins could be physiologically important (47) .
Binding
The modular architecture and variable molecular surfaces generated by the assembly of multiple compatible repeats render AR proteins highly versatile in protein binding. As discussed earlier, each AR consists of framework residues important for intra-and inter-repeat interactions for the formation of the helix-turn-helix-loop sketch structure and surface-exposed residues for contacting targets. These surfaceexposed residues are not restricted to any particular secondary structural element within the AR, and they vary among different ARs. When these repetitive structural units stack together to form an elongated molecule, the surface residues of several juxtaposed repeats form a large solvent-accessible surface available to specific partners. Thus, binding of an AR protein to its partner is the accumulation of contacts involving a number of residues, and these residues are discontinuously dispersed into the whole molecule. A number of structures of complexes containing AR proteins and its partners have been reported, such as the 53BP2-p53 complex (49), the GABPR-GABP -DNA complex (26), the CDK6-INK4 (p16, p19, and p18) complexes (50-52), the IκBR-NF-κB complexes (28, 29) , and the CSL-NotchMastermind complexes (43, 44) . In this review, the INK4-CDK4 (or CDK6) system is used as an example to address the binding mode and binding specificity of AR proteins.
INK4 proteins (inhibitors of cyclin-dependent kinase 4) include four AR proteins, p15 (four ARs), p16 (four ARs), p18 (five ARs), and p19 (five ARs). Their specific binding to and inhibition of cyclin-dependent kinases 4 and 6 (CDK4/ 6) have been found to be crucial in modulating cell progression through the G1-S transition. Binding of INK4 proteins to CDK4/6 impedes the phosphorylation of Rb (the retinoblastoma susceptible gene product), leads to the release of transcription factors E2Fs from incompetent Rb-E2F complexes, and subsequently turns on downstream genes required for entry into the S phase (53) (Figure 5d ). In addition, several recent studies have demonstrated that p16 suppresses proliferation of stem or progenitor cells in the bone marrow, pancreas, and brain by inducing cellular senescence or other unknown mechanisms, thus playing a pivotal role in aging and longevity (54) (55) (56) . Therefore, p16 functions to reduce regenerative capacity and promote aging but also reduce cancer incidences.
As revealed in the crystal structure of the p16-CDK6 complex (50) (Figure 4a ), p16 interacts with both N-terminal and C-terminal lobes of CDK6 through a great number of interactions listed in Table 1 . Binding of p16 brings about a rational misalignment at the N-and C-lobes of CDK6 relative to the conformation required for an active kinase, thus blocking the catalytic cleft for ATP binding as well as shrinking the cyclin D-binding site. In spite of the unfavorable conformational change in CDK6, structural comparison showed that there is little difference in conformation between free p16 and CDK4-bound p16, suggesting that free p16 exists in a functional conformation. Most CDK6-binding residues are located within three regions of p16 (50, 57) . The first region involves loops 1 and 2 (but not loop 3) of p16. Both loops 1 and 2 interact with CDK6 through the last five or six residues of the loop preceding the next AR. The second interacting region includes the first helix of both the second and the third ARs, while the second helix of both ARs makes little contact with the kinase. The third major region of interaction is located at the "turns" bridging the helices of ARs. A breakdown in the interactions by ARs has shown that the second AR of p16 has the largest surface area of contact with CDK6, the second largest contribution comes from the third AR, while the first and the fourth ARs contribute little to the interaction with CDK6 (57). These findings have been further confirmed by independent biochemical studies on p16 mutants (13, 18, 57) . In these studies, quantitative contributions of specific p16 residues to the inhibition of the CDK4-cyclin D2 holoenzyme were evaluated using in vitro kinase assays, while the potential perturbation to the global structure by p16 mutants was analyzed using NMR. As shown in Figure 4b , functionally important residues, i.e., residues involved in inhibiting CDK4, are located mostly within the second and third ARs and the loop bridging these two ARs (loop 2). Interestingly, in the p16-CDK6 complex, all but three of these functionally important residues face CDK6 (Figure 4c) . Two of the three residues not facing CDK6 are H66 and E69 (in green), mutations of which to Ala resulted in a 5-fold change in the CDK4 inhibitory activity (as presented by changes in the values of IC 50 ), and residue number N71 (colored purple) with an only 3.5-fold change in the inhibitory activity after mutation to Ser. These residues may indirectly bring about some "local" conformational perturbation, thus affecting other functionally important residues of p16 in the proximity. Moreover, E69 and N71 are located in the loop regions and are part of the H-bonding network stabilizing the global structure as shown in Figures 3b and 4d (18) .
As described above, contacts between p16 (or other INK4 proteins, in general) and CDK4 occur in discontinuous patches, and a number of residues located in both loop and helical regions of p16 contribute to CDK4 binding through electrostatic, hydrogen bonding, and van der Waals interactions. While specific contacts between an AR protein and its partner vary considerably, such discontinuous, multipleresidue interacting patterns have been found in all crystal structures of complexes containing AR proteins. In the 53BP2-p53 complex (49), most contacts between the AR domain of 53BP2 (four ARs) and p53 are located at the C-terminal AR loop of 53BP2, including hydrogen bonds between the backbone carbonyl of S425 (53BP2) and both the side chain and backbone amide of S183 (p53), the backbone carbonyl of M422 (53BP2), and the side chain of H178 (p53), and van der Waals interactions involving W424, M427, and M433 of 53BP2 and H178, H179, S182, and R181 of p53. In the GABPR-GABP -DNA complex (26), it is principally the two residues at the tip (defined as the first residue of an AR and the last residue of the preceding AR) of each AR loop of GABP that interact with GABPR, while additional contacts with GABPR are mediated by GABP residues adjacent to the tips of the loops and in the AR helices. In the IκBR-NF-κB complex (28, 29) , various parts of the first two ARs of IκBR (six ARs) contact the C-terminal extension of the p65 subunit of NF-κB, including its nuclear localization signal (NLS), tips of the loops in ARs 4-6 contact the dimerization domain of the p50 subunit of NF-κB, and the inner helices of ARs 5 and 6 contact the dimerization domain of p65. AR 3 has relatively little contact with NF-κB. Specifically, contacts between the p65 subunit and the first two ARs of IκBR include salt bridges between K301 (p65) and D75 (IκBR), R302 (p65) and E85 (IκBR), (13, 18) . Various amounts of p16 or p16 mutants were mixed with a fixed amount of the CDK4-cyclin D2 complex, followed by incubation with [ 32 P]ATP and Rb. IC 50 was defined as the concentration of p16 or p16 mutants required to achieve 50% of the maximum inhibition. Residues are presented in different colors on the basis of changes in the values of IC 50 when mutated. Residues with a >20-fold increase in IC 50 when mutated are colored red (L78 and D84), 10-20-fold orange (W15, D92, and R124), 5-10-fold green (H66 and E69), and 3-5-fold purple (E26, N71, P76, A77, T80, H83, F90, W110, and L121). (c) Structural positioning of the functionally important residues of p16 in contact with CDK6 using the crystal structure of the p16-CDK6 complex (PDB entry 1BI7). (d) E69 and N71 are part of the H-bonding network that stabilizes the global structure of p16 (18, 57) .
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Biochemistry, Vol. 45, No. 51, 2006 15173 and R304 (p65) and D73 (IκBR), hydrogen bonds between R302 (p65) and the main chain carbonyls of I83 and H84 (IκBR), and T305 (p65) and E85 (IκBR), and hydrophobic interactions involving F309, I312, M313, and F318 of p65 and F77, L80, A81, L89, and V93 of IκBR. In the CSLNotch-Mastermind complexes (43, 44) , while van der Waals forces contribute to some degree, electrostatic interactions appear to play a predominant role in contacting CSL. Prominent electronegative patches on the CSL surface created by residues E569, D571, E580, and E607 directly interact with electropositive patches on the Notch AR domain formed by residues R1128, R1161, and R1208. The -hairpins of the fifth and seventh ARs of Notch also contribute to binding to CSL.
Specificity
Despite the overall sequence similarity shared by the AR proteins, binding of AR proteins to their targets is specific. For the INK4-CDK4/6 system, on one hand, INK4 proteins bind to and inhibit CDK4/6, but not CDK2, even though CDK2 is similar to CDK4/6 in both structure and function (11, 53) . On the other hand, yeast ribosomal protein Yar 1 has three ARs but does not interact with CDK4/6 or any other CDK (20, 58) . Moreover, among INK4 proteins, p16 binds CDK4 more tightly than CDK6 while the reverse is true for p18 (59, 60) . In addition, as revealed in the crystal structures of the p16-CDK6, p19-CDK6, and p18-CDK6-viral cyclin D complexes (50-52) and other biochemical studies (55) , loop 4 of p18 contributes to binding to CDK6 while the corresponding loop in p19 does not contact CDK6 and p16 does not even have this loop.
Second, different AR proteins may bind to the same target but modulate the target differently. For example, in addition to INK4 proteins, two AR proteins, gankyrin (seven ARs) and IκBR (six ARs), have been reported to physically contact CDK4 and influence the kinase activity in vivo and in vitro (59) (60) (61) (62) (63) (Figure 5a ). Gankyrin is an oncoprotein with multiple functions (see below) and is able to compete with p16 and p18 for CDK4 binding, thus counteracting the inhibitory activities of p16 and p18 (59) . IκBR usually acts as a specific inhibitor of NF-κB (a transcription factor controlling vital genes involved in immune response, cell growth and differentiation, cell adhesion, and apoptosis) (28, 29) , but it has the potency to bind to and inhibit CDK4 (63) . While the CDK4 binding affinity follows the order p16 > p18 > IκBR ≈ gankyrin (59, 63) , some CDK4 residues important for binding to p16 and p18 play only minor roles in binding to IκBR, suggesting that there are noticeable differences among p16, p18, IκBR, and gankyrin in binding to CDK4 (63) .
Third, an AR protein may bind to multiple targets. Besides CDK4 and CDK6, p16 binds to and negatively regulates transcription factor NF-κB (62) and c-Jun kinase (64) under physiological conditions (Figure 5b) . As for gankyrin, its physiological partners include CDK4 (56, 58) , Rb (65), S6 ATPase of the 26S proteasome (61), MAGE-A4 antigen (66) , and HDM2 (67) (Figure 5c ). Binding of gankyrin to Rb, S6 ATPase of the 26S proteasome, and HDM2 facilitates the ubiquitin-mediated degradation of Rb, HDM2, and other proteins (65, (67) (68) (69) , while binding of gankyrin to MAGE-A4 quenches the oncogenic activity of gankyrin through unknown mechanisms (66) . Protein fragmentation studies have demonstrated that the first four ARs of gankyrin are involved in interacting with CDK4 and the last two ARs are responsible for binding to Rb (59) . The multiple specificities of ARs are potentially physiologically significant, through which distinct pathways are cross-linked or coordinated (Figure 5d ). For example, the dual specificities of p16 and IκBR could cross-link the CDK4/6-Rb pathway and the NF-κB pathway, thus further contributing to the coordination between cell cycle progression and cell differentiation (62, 63) . However, more in vivo studies are needed to address the coordination among different interactions and pathways, including whether an AR protein may bind to different target proteins and function in different pathways at different intracellular locations or at different phases of the cell cycle.
Last, ARs are different from other protein-binding domains such as SH2 and SH3. On one hand, ARs do not recognize specific sequences of targets, unlike SH2 that recognizes sequences with phosphorylated Tyr (70) and SH3 that binds to sequences that are usually proline rich and exhibit a polyproline II helix conformation (71) . On the other hand, AR binding involves discontinuous patches of residues dispersed in the whole molecules of both the AR protein and its target (18, 57, 72) , while SH2 or SH3 binding usually involves a localized region of SH2 or SH3 and a very short motif in the target. From this point of view, binding of AR proteins to targets is similar to the association of Fv and Fab fragments with antigens. Antibodies have similar structures but different Fv regions. A number of residues at the Fv regions are solvent-accessible, and they stack together to form a large and diverse surface exposed to antigens (2, 4, 25, 73) . One can further extend this analogy to say that AR and antibodies are similar in that they both hold and present loops for binding interactions, using helices and -sheets, respectively (18) .
Consensus Design and Combinatorial Library of ARs
Developed in the past decade, consensus design is an approach to improving natural proteins by replacing each residue with the corresponding consensus amino acid on the basis of statistical analyses of sequence alignments of homologous proteins (74, 75) . The fundamental idea underlying this approach is that as a result of diversification and selection during protein evolution, the residues that are important in maintaining the structure or function of a protein are the ones that are conserved among homologous proteins (24) . As demonstrated in previous studies (8, (76) (77) (78) , a All interactions are derived from the crystal structure of the p16-CDK6 complex (50) . b CDK4 residues in which mutations have been found in human cancers (83) .
proteins generated through consensus design usually maintain their biological function while having improved stability and folding efficiency.
The sequence abundance makes AR proteins suitable for consensus design. Consensus design in AR proteins has been pursued through different approaches, and its efficacy has been demonstrated in a number of recent studies (14, 15, 36, (79) (80) (81) (82) . In one approach, information derived from sequence consensus analyses was incorporated with rational design to generate mutant AR proteins with improved thermal and chemical stability. A good example is the design of a hyperstable p16 by Cammett et al. (79) . In this work, a series of p16 mutants based on homology-based sequence alignments and ankyrin repeat consensus analyses were generated and a p16 mutant was identified (W15D/L37S/L121R) (Figure 6a ) that had a stability higher than that of wild-type p16. While this triple mutant retains its biological function, binding to CDK4, further studies showed that this triple mutant has more structural tolerance because oncogenic p16 mutations impaired the structure and function of wild-type p16, but not this hyperstable triple mutant (79) .
In another approach, information from consensus analyses was used to generate a novel AR motif, and multiple identical ARs were stacked together to form novel AR proteins ( Figure  6b ). Mosavi et al. (14) applied a multiple-sequence alignment and statistical analysis to ∼4400 identified AR sequences to calculate the probability of amino acid usage at each position of AR and designed a novel AR module with a consensus sequence as shown in Figure 1a . Subsequently, this module was used to generate proteins containing different copies (1-4) of ARs. Whereas these designed AR proteins fold and unfold in a manner similar to that of natural AR proteins, only AR proteins containing multiple consensusdesigned ARs are well folded to form thermodynamically stable structures. These proteins display higher thermostabiltiy than natural proteins of the same size. Moreover, crystal structures of AR proteins containing three and four identical consensus-designed AR modules revealed that consensusdesigned AR modules are packed in a linear array to form an elongated, modular molecule stabilized by inter-and intrarepeat interactions as observed in natural AR proteins.
In the third approach, consensus design was combined with a combinatorial library to generate AR proteins containing a common structural framework and novel binding specificities (15, 36, (80) (81) (82) (Figures 1a and 6c) . For binding scaffolds such as AR proteins, its diversity in binding specificity reflects its diversity in function. While structurally important residues of AR proteins are those framework residues that mediate conserved intra-and inter-repeat interactions to maintain the defined topology, the solventexposed residues on the malleable and elongated surfaces contribute to the binding specificity of AR proteins and vary considerably. Hence, homologous alignment and statistical analyses of AR sequences normally result in a consensus sequence that reflects only structurally important residues. In contrast, consensus analyses of homologous globular proteins often reveal a consensus sequence which reflects both structurally and functionally important residues (25) . However, this "weakness" in consensus design of AR proteins is also an advantage in generating AR proteins with novel binding specificity. On the basis of sequence consensus analyses, a novel design strategy was successfully developed to construct combinatorial AR protein libraries to select novel specific binders. In this approach (15), a consensus sequence of the AR module derived from 2220 AR sequences was designed with seven less-conserved positions (1, 3, 10, 22, 25) randomly filled by various amino acids (for position 26, H, N, or Y; for the other six positions, any amino acid but not G, C, or P) to generate libraries containing different AR modules. Subsequently, these AR modules were linked randomly to form AR proteins containing multiple AR modules. Furthermore, capping repeats derived from GABPwere added to both the N-and C-termini of the above engineered AR proteins to shield the inner hydrophobic cores from the solvent, thus making AR proteins more soluble. A portion of this AR library containing members with two to four internal repeats flanked by N-and C-terminal capping repeats were selected for binding to specific target proteins using ribosomal display. Designed AR proteins with novel specificity for binding to aminoglycoside phosphotransferase (3′)-IIIa (APH), maltose binding protein (MBP), p38 AMP kinase, and JNK-2 have been successfully identified through this approach, thus proving the efficacy of consensus designbased AR combinatorial libraries (81, 82) . One of these designed AR proteins specifically binds to MBP with a K d value of 4.4 nM, and the interactions mainly rely on the randomized positions of the design AR protein as revealed in the crystal structure of the designed AR protein-MBP complex (80) . This indicates that consensus design of AR proteins not only ensures high stability but also increases the binding diversity of AR proteins. Currently, antibody libraries are widely used to generate Fv and Fab fragments with diverse binding specificities for therapeutic and diagnostic purposes, but poor solubility (when expressed in bacteria) and low stability under reducing conditions limit their intracellular applications. From this perspective, consensus-based AR combinatorial libraries could be a very attractive alternative since designed AR proteins have high solubility and stability under both extra-and intracellular conditions as well as diverse specificities (2, 4) .
Future PerspectiVes
As ubiquitous scaffolds mediating protein-protein interactions, AR proteins display a diversity of functions on a common structural framework. While this functional diversity does not compromise the specificity of each AR-mediated protein-protein interaction, more structural and biochemical studies of AR proteins, their targets, and the AR-target complexes are needed for us to understand the molecular mechanisms underlying the strict target selection by AR proteins. Insights from these studies will not only widen and deepen our understanding of AR protein functions but also facilitate the endeavor to generate AR proteins with novel binding specificities for therapeutic or diagnostic purposes.
